Context: Patients with 21-hydroxylase deficiency (21OHD) have long-term complications, resulting from poor disease control and/or glucocorticoid overtreatment. Lack of optimal biomarkers has made it challenging to tailor therapy and predict long-term outcomes.
C ongenital adrenal hyperplasia (CAH) is a group of inherited defects in cortisol biosynthesis, and 21-hydroxylase deficiency (21OHD) accounts for the overwhelming majority of cases (1, 2) . The most severe forms of 21OHD are defined by clinically apparent glucocorticoid (GC) insufficiency and are termed "classic." Classic 21OHD is further subclassified as "salt-wasting" (SW) or "simple virilizing" (SV), depending if the mineralocorticoid deficiency leads to neonatal adrenal crisis. In all 21OHD forms, impaired cortisol synthesis leads to chronic compensatory adrenocorticotropic hormone (ACTH) elevation, and the enzymatic blockage redirects the steroidogenic flux toward adrenal androgens.
GCs have been the mainstay of 21OHD treatment, not only for replacement, as in other forms of adrenal insufficiency, but also to suppress ACTH and the ensuing excessive androgen synthesis. For the latter goal, supraphysiologic GC therapy is often needed. Many of the longterm clinical complications characteristic of 21OHD result from the intimate relationship between the intrinsic hormonal excess and exogenous GC therapy. The sustained ACTH elevation in CAH is thought to promote the expansion of orthotopic and ectopic adrenal tissue. Patients with 21OHD have enlarged adrenal glands (3) and a higher prevalence of adrenal masses (4, 5) . Adrenal rest tumors have been commonly reported in males (6) (7) (8) (9) (10) and occasionally in females (11) (12) (13) (14) with classic 21OHD. Both endogenous sex steroids and exogenous GC influence growth velocity and final height; consequently, precise titration of GC treatment is critical during childhood.
The management of 21OHD has been limited by inadequate biomarkers of disease control (15) . The advent of liquid chromatography-tandem mass spectrometry (LC-MS/MS) panels has expanded the repertoire of steroid biomarkers for 21OHD (16) (17) (18) . Steroids synthesized with the participation of 11b-hydroxylase (CYP11B1), such as 11b-hydroxyandrostenedione (11OHA4) and 11-ketotestosterone (11ketoT), are abundant in patients with 21OHD, and these 11-oxygenated-C 19 (11oxC19) steroids have been proposed to be clinically relevant androgens (16, 18) . Herein, we examined the relationship between the serum steroid metabolome of children and adults with classic 21OHD and clinical findings reflecting longstanding poor disease control, such as increased adrenal volume, advanced bone age, presence of testicular adrenal rest tumors (TARTs) in males, and presence of hirsutism and menstrual disorders in females.
Subjects and Methods

Patients
Patients with classic 21OHD seen at the National Institutes of Health (NIH; Bethesda, Maryland) from 2010 to 2016 were included. The diagnosis was confirmed by hormonal and genetic analyses, and all patients were enrolled in a Natural History Study at the NIH (NCT00250159) (19) . Patients who had undergone adrenalectomy were excluded. All serum samples were obtained at approximately 0800 hours, before receiving their first morning medications. Studies were conducted under a Eunice Kennedy Shriver National Institute of Child Health and Human Development Institutional Board Review-approved protocol, with written informed consent obtained from all adults and parents of participating minors. All minors at least 8 years old gave written assent.
For children, Tanner stage was assessed by physical examination by a pediatric endocrinologist (D.P.M. or A.M.), according to the criteria of Tanner for breast development in females and genital staging based on the average volume of both testes in males (20) . Patients were classified as adults if the bone age was .16 years for females or 17 years for males. For postpubertal females, hirsutism was defined as a FerrimanGallwey total score $8 and menstrual disorder was defined as amenorrhea (lack of menses for .6 months) or oligomenorrhea (cycle .35 days). A standardized GC equivalent (GCE) was calculated for each patient by multiplying the current GC dose by 1 for hydrocortisone, by 5 for prednisone, and by 80 for dexamethasone (19) . For the one patient receiving continuous hydrocortisone infusion, the GCE was the total daily hydrocortisone dose (21) . Current GCE was adjusted for body surface area.
Hormonal assays
We quantified 23 steroids by LC-MS/MS, including three unconjugated Δ
5
-steroids, four steroid sulfates, 14 Δ 4 -steroids, and three 3a,5a-reduced steroids. Steroid extraction and quantitation was carried out as previously described (16, 17) . The 3a,5a-reduced steroids (Supplemental Table 1 ) were derivatized with 50 mL of 1 M ammonium hydroxide and 100 mL of 1 M hydroxylamine hydrochloride, as described for D 5 steroids (16, 22) . Plasma ACTH was analyzed at the NIH Clinical Center (Bethesda, MD) by chemiluminescent immunoassay on a Siemens Immulite 200 XPi analyzer or on a Siemens Immulite 2500 analyzer (before 2012; Munich, Germany). The assay had a sensitivity of 5 pg/mL, reference range of 0 to 46 pg/mL, and a within-run coefficient of variation of 1.61% to 3.36% at a mean concentration of 33.97 and 466 pg/mL, respectively, and a dayto-day variability of 3.09% to 4.16% at a mean concentration of 34 and 469 pg/mL, respectively. Plasma renin activity was analyzed by LC-MS/MS and inhibin B by enzyme-linked immunosorbent assay at the Mayo Medical Laboratories (Rochester, MN).
Radiological studies
All growing children had a bone-age assessment by performing a radiograph of the left hand and wrist. Bone age was determined by a pediatric endocrinologist using the Greulich and Pyle method (23) . Testicular ultrasound was performed in all males by a trained sonographer and radiologist using a linear, high-frequency, 7.5-MHz transducer in the transverse and longitudinal planes. The testicles were evaluated for size, echogenicity, and intratesticular lesions (TART). Colorflow Doppler ultrasound was performed if a mass was detected on grayscale sonography. Testicular and TART dimensions were retrospectively reviewed and determined by one radiologist (J.M.). Total testicular and TART volumes were calculated by applying the formula for a prolate ellipse (length 3 width 3 thickness 3 0.52). Because pediatric patients were included, functional testicular volumes were calculated as a percent and defined as (1 -TART volume/testicular volume) 3 100.
Adult patients (46 of 52) had a computed tomography (CT) scan of the adrenal glands. Adrenal volumes were measured with GE ADW4 (General Electric, Milwaukee, WI) and Vital Solutions Vitrea V6.74 (Vital Images, Minnetonka, MN) workstations using a 19-inch monitor (Tyco Electronics, Concord, CA) with a 1280 3 1024 matrix. All images were viewed with the default abdominal window and level settings (window, 400 HU; level, 40 HU). The scans, with slice thickness ranging from 1 to 2.5 mm, were used to create threedimensional models of each adrenal gland. This was done by an experienced technologist trained to identify and outline the adrenal contour in each slice, and all measurements were reviewed by a single radiologist (N.A.A.). This tracing included any bulges of the contour caused by nodules or masses in the adrenal periphery. The adrenal volume was calculated from the sum of each axial slice area (24) . Adrenal hypertrophy was defined as volumes greater than published norms: right adrenal gland, 5.7 mL for males and 4.9 mL for females; left adrenal gland, 5.7 mL for males, 4.4 mL for females (25) .
Statistical analyses
The nonparametric Mann-Whitney U test was used to compare targeted hormones between prespecified groups. The nonparametric Spearman correlation test assessed the relation between pairs of continuous variables. Logistic (for binary variables) or linear (for continuous variables) regression was used to find the best multivariate correlation models. Statistical significance was accepted for P , 0.05.
Results
Clinical characteristics of participants
We enrolled 114 patients (70 males) with classic 21OHD (76 SW, 38 SV; Table 1 ). The median age of the cohort was 15 years (range, 2 to 67 years) and 52 (45.6%) were classified as adults. The median current GCE was TARTs were found in 13 of 41(32%) of males with SW CAH and eight of 29 (28%) males with SV CAH. The maximum diameter ranged from 0.1 to 4.7 cm (mean, 1.8 cm). TARTs were present bilaterally in 17 of 21 (81%) of patients and the asymmetry between the two sides varied from 0.001 to 2.8 cm 3 . Of 46 patients who had an abdominal CT scan, 29 (63%) had adrenal hypertrophy, either with (n = 25 patients) or without nodularity (n = 4 patients), and 6 patients (13%) had adrenal nodules but normal gland size. One patient had adrenal atrophy. The median total adrenal volume was 20 mL (range, 4 to 229 mL). Of 21 postpubertal females, seven (33%) had menstrual disorders (five with SW CAH) and nine (43%) had hirsutism (six with SW CAH). One patient had only oligomenorrhea, three patients had only hirsutism, and six patients had both hirsutism and irregular menses.
Hormonal correlations with clinical parameters of poor long-term disease control
Total adrenal volume correlated positively and significantly with 18 of 23 steroids. Of these, the strongest correlations were with the four 11oxC19 steroids and 21-deoxycortisol (21dF; r = 0.67 to 0.70; P , 0.0001 for all), followed by androstenedione (A4), 17a-hydroxyprogesterone (17OHP), and 16a-hydroxyprogesterone (16OHP; r = 0.57 to 0.62; P , 0.0001 for all; Table 2 ). Values are expressed as means 6 SD unless otherwise specified.
Abbreviations: BA, bone age; CA, chronological age; N/A, not applicable. a Bone-age assessment performed for children .4 years.
b Total GCE dose divided by body surface area (mg/m 2 /d) 3 1 for hydrocortisone, 3 5 for prednisone, and 3 80 dexamethasone (19) . c Females with a Ferriman-Gallwey Score $8.
Multivariate linear regression analyses, which are limited by the codependence of these variables, identified 21dF and progesterone as the best predictors of adrenal volume. Total adrenal volume also correlated directly with ACTH (r = 0.4; P = 0.005), but inversely with luteinizing hormone (LH) (r = 20.5; P , 0.001). There was no significant correlation between adrenal volume and follicle-stimulating hormone (FSH) (r = 20.25; P = 0.1) or inhibin B (r = 20.4; P = 0.13).
The youngest patient with TART in our cohort was 14 years old. To eliminate hormonal differences due to age, we compared males with and without TART who were age 14 years and older. The phenotype and age distribution were similar in males with and without TART (P . 0.99). ACTH, LH, FSH, inhibin B and current GCE were no different (P . 0.1) between patients with or without TART. We found that nine of the 23 steroids quantified were significantly higher in males with as compared with those without TART, including 11OHA4 (6.8-fold; P = 0.004), 11b-hydroxytestosterone (11OHT; 4.9-fold; P = 0.002); 11ketoT (3.6-fold; P = 0.004); 11-ketoandrostenedione (11ketoA4; 3.3-fold; P = 0.01); A4 (3.3-fold; P = 0.03); pregnenolone sulfate (PregS; 4.8-fold; P = 0.007); 17-hydroxypregnenolone sulfate (17OHPregS; 2.3-fold; P = 0.01); androsterone (2.7-fold; P = 0.02) and allopregnanolone (2.6-fold; P = 0.01; Table 3; Supplemental Table 2 ). In the subset of patients who had both testicular ultrasound and abdominal CT imaging, the median adrenal volume was higher in patients with than in those without TART (25 vs 17 mL; P = 0.02).
None of the steroid biomarkers demonstrated a meaningful correlation with TART size or percent functional testicular volume.
Most steroid hormones were significantly higher in women with menstrual disorders than in those with regular menses, most notably PregS (28.5-fold; P , 0.01) and 17OHPregS (19-fold; P , 0.01; Table 3 ). ACTH was also higher in patients with menstrual disturbances as compared with women with regular menses (4.7-fold; P = 0.014), whereas LH, FSH, and current GCE values were no different between the two groups. Similar results were found for hirsutism (data not shown).
We did not find any predictors of bone-age advancement. Subgroup analysis of patients with delayed, normal, and advanced bone age did not reveal any significant differences in steroid biomarkers (data not shown).
Interhormonal correlations
Of the 23 steroids measured, 20 correlated directly with ACTH. The tightest ACTH correlations were observed for 17OHP and 16OHP (r = 0.72; P , 0.0001 for both), followed by 21dF, 11ketoT, progesterone, 11OHA4, and 11ketoA4 (r = 0.61 to 0.66; P , 0.0001 for all; Fig. 1 ). Conversely, ACTH did not correlate with dehydroepiandrosterone (DHEA), DHEA sulfate (DHEAS), and testosterone (T). T correlated positively with LH in males (r = 0.7; P , 0.0001) but not females (r = 0.4; P = 0.052). LH did not correlate with either that of 11OHT or 11ketoT in females of all ages and prepubertal boys. In males in Tanner stage 5, a negative correlation with LH was observed for both 11OHT (r = 20.43; P = 0.01) and 11ketoT (r = 20.41; P = 0.02). T demonstrated a positive correlation with all four 11oxC19 steroids in boys in Tanner stages 1 and 2 [r = 0.6 to 0.8; P , 0.001; Fig. 2(a) ]. In contrast, 11ketoT and 11ketoA4 correlated negatively with T in boys in Tanner stage 5 [r = 20.3; P = 0.04 for 11ketoA4 and 0.048 for 11ketoT; Fig. 2(b) ]. In females, there was a direct correlation between T and all four 11oxC19 steroids for all Tanner stages [r = 0.75 to 0.84; P , 0.0001 for all; Fig 2(c) ]. Overall, four 11oxC19 steroids and PregS were found to have the most significant correlations with key clinical characteristics ( Table 3) .
Discussion
To our knowledge, this is the first study to implement LC-MS/MS to comprehensively analyze the relationship between a wide spectrum of traditional and emerging serum steroid biomarkers and clinical outcomes reflecting poor long-term disease control of classic 21OHD. Adverse effects solely deriving from iatrogenic Cushing syndrome were not within the scope of our study. We identified associations of several steroid biomarkers with adrenal volume, presence of TART, menstrual disturbances, and hirsutism, but no predictors of advanced bone age or TART size.
In total, 18 of the 23 measured steroids correlated directly with adrenal volume. The tightest correlation of adrenal volume was with 21dF and the 11oxC19 steroids 11OHA4, 11ketoA4, 11OHT, and 11ketoT, followed closely by A4, 17OHP, and 16OHP. Along with 17OHP, 21dF (26, 27) and 16OHP (17) have been found to be elevated in patients with 21OHD. The 21dF and all 11oxC19 steroids result from the further metabolism of precursors via CYP11B1. CYP11B1 catalyzes the final step in cortisol synthesis and is predominantly expressed in the adrenal gland, with similar expression in zona fasciculata and zona reticularis (28). As we have recently shown, the 11oxC19 steroids 11OHA4, 11ketoA4, 11OHT, and 11ketoT are three-to fourfold higher in treated patients with classic 21OHD compared with sex-and age-matched control subjects (16) . Our results further demonstrate that the production of all four 11oxC19 steroids is proportional with adrenal volume. In addition, adrenal volume correlated inversely with LH, suggesting that the abundant production of adrenal androgens leads to hypothalamic-pituitary-gonadal axis suppression. In a cross-sectional study of 26 men with classic 21OHD, Reisch and colleagues (3) found a similar positive correlation of the total adrenal volume with the established biomarkers, 17OHP and A4, as measured by immunoassays, and a negative correlation with LH.
We identified nine steroid biomarkers to be significantly higher in males with TART as compared with their counterparts of similar ages without TART. Of these, 11OHA4 was the most significant. In contrast, T was similar in both groups, a finding in agreement with similar reports (7). Interestingly, two 3a,5a-reduced metabolites, androsterone and allopregnanolone, were higher in the TART group. Kamrath and colleagues (29) demonstrated a sevenfold increase in urinary androsterone concentration in 142 children and young adults with 21OHD compared with that of 138 similarly aged control subjects. In a recent study of 150 children with classic 21OHD treated with thrice-daily hydrocortisone, however, 24-hour urinary androsterone excretion was similar to that of etiocholanolone, a T metabolite (18) . Our findings suggest that the 3a,5a-reduction of progesterone and 17OHProg to allopregnanolone and androsterone, respectively, might become more significant when disease control is poor. Interestingly, two conjugated steroids, PregS and 17OHPregS, were significantly higher in males with than in those of the same age without TART, whereas DHEAS and androst-5-ene-3b,17b-diol-3-sulfate were similar. We have previously shown that PregS is higher in patients with classic 21OHD than in age-and sex-matched control subjects, whereas DHEAS and androst-5-ene-3b, 17b-diol-3-sulfate were both dramatically lower in 21OHD (16) . Taken together, these findings suggest that the upstream conjugated steroids PregS and 17OHPregS could be useful biomarkers of poor disease control, whereas the ordinarily major adrenal C 19 steroid DHEAS cannot serve this purpose.
We found no meaningful hormonal correlations with TART volume, in concordance with previous reports (3). Because none of the steroids correlated positively with tumor size, it is unlikely that the additional adrenal-like tissue is sufficient to account for the higher amounts of these novel biomarkers in patients with TART. Although adrenal volume and TART size were not correlated, the median adrenal volume was higher in the TART group compared with males without TART, suggesting poorer disease control in the preceding months to years.
The origins of TARTs and factors that influence their growth have been controversial. These tumors are thought to originate from adrenocortical cells from the common gonadal-adrenal primordium, which migrate along with the gonads to their final location. TARTs share several common features with adrenal-cortex tissue, such as expression of ACTH and angiotensin II receptors (30) (31) (32) (33) . Poor disease control has been proposed to promote tumor growth, whereas intensive GC treatment can decrease TART size and restore fertility (34) (35) (36) . Conversely, some TARTs do not respond to GC treatment (37, 38) , possibly due to an advanced fibrotic stage (39) . More recently, it has been proposed that TART might arise from totipotent embryonic cells, expressing markers of both adrenal cortex and Leydig cells (40, 41) . Regardless of this aspect, the lack of TART size correlation with specific steroid biomarkers or longterm 21OHD treatment in this and other studies (3, 6, 42) is not surprising, because factors predisposing to TART are not fully understood and only a subset of males with 21OHD develop TART. An important contribution of intrauterine exposure to elevated ACTH for adrenal rest development has been proposed (39) . Autopsy studies in infants showed that adrenal rests are more prevalent in 21OHD (43%) than in unaffected neonates (3.5%) (43, 44) . Furthermore, the prevalence of TART correlates with the 21OHD phenotype severity, being most common in patients with SW 21OHD and very rarely described in nonclassic 21OHD (3, (6) (7) (8) . Collectively, these lines of evidence suggest that, although the presence and ultimate dimensions of TART depend on a suite of prenatal events, the chronicity and amplitude of ACTH elevation contributes to TART enlargement.
Female patients with menstrual disorders and/or hirsutism tended to have higher ACTH and higher concentrations of several steroid biomarkers than females without clinical evidence of androgen excess, despite being treated with similar doses of GCs. Remarkably, in females with menstrual disturbances, T was only double, whereas PregS was .28-fold higher than in those with normal menses. In congruence with our findings in males with TART, PregS once again distinguished itself as a biomarker of poor disease control.
It is not surprising that we did not identify any steroid predictors of bone-age advancement. Children with 21OHD may have accelerated prepubertal growth with advanced bone maturation and shorter final height than unaffected individuals or than predicted by parental height (45) (46) (47) (48) . In general, advanced bone age is an indicator of poor disease control but may also reflect late diagnosis or an antecedent period of poor control.
To understand the dynamic regulation of the studied biomarkers, we examined their correlations with pituitary hormones, as well as with the biomarkers currently used in clinical practice. Of the steroids measured, only DHEA, DHEAS, and T did not show a significant correlation with ACTH. Expectedly, 17OHP and 16OHP demonstrated the tightest correlation with ACTH, followed closely by 21dF, progesterone, 11ketoT, 11OHA4, and 11ketoA4. T correlated positively with that of LH in males. In contrast, a negative correlation of 11OHT and 11ketoT with LH was observed in sexually mature males. Moreover, T correlated positively with 11ketoT in males in Tanner stages 1 to 3 and all female patients, whereas the same correlation was negative in males in Tanner stage 5. Collectively, these findings suggest that 11ketoT synthesis relies predominantly on adrenal precursors. It has been suggested that 11ketoT might be produced by Leydig cells and theca cells (49) ; however, CYP11B1, a key enzyme in the synthesis of all 11oxC19 steroids, is expressed in only trivial amounts in the gonads as compared with the adrenal cortex. Moreover, although T concentrations are dramatically higher in adult men than in women, 11ketoT concentration is comparable in both sexes, not only in adrenal vein samples but also in peripheral serum (16, 49) . These findings once again demonstrate that the gonadal capacity to synthesize 11ketoT is negligible. Because the androgenic activity of 11ketoT parallels that of T (50-52), we have previously proposed that 11ketoT might act as the major circulating androgen in many patients with 21OHD. Several findings from our present studies, including the positive correlation with adrenal volume, the higher concentration in males with TART, and the positive correlation with ACTH and lack of correlation with LH, further promote 11ketoT as a promising clinical biomarker in patients with 21OHD. Our study has several limitations inherent in its crosssectional design. Thus, the associations between the steroids and the outcomes do not indicate if the associations are related to the development of the outcomes or if the steroids are consequences of the outcomes. The predictive value of these potential markers needs to be investigated in prospective studies.
In summary, this is, to our knowledge, the first study to implement LC-MS/MS for an extensive analysis of the serum steroid metabolome across a wide range of ages and in relation with long-term complications in patients with 21OHD. We found a link between the morning serum steroid metabolome and long-term complications in patients with classic 21OHD. We identified a set of steroid biomarkers that are associated with increased adrenal volume and the presence of TART, but not TART size, in males and menstrual disorders in females. In particular, four 11oxC19 steroids and PregS emerged as biomarkers with promising clinical value for monitoring treatment of 21OHD. LC-MS/MS offers the benefit of sensitive and specific quantitation of multiple analytes simultaneously. This approach is likely to expand into clinical laboratories, thereby allowing the development of valuable biomarker tools for optimizing patient care. Our study constitutes only an early step in the discovery of greatly needed biomarkers in 21OHD management. Longitudinal prospective studies that adopt a similar steroid metabolome approach are necessary for further selection of relevant biomarkers to guide treatment of patients with 21OHD.
